Carette, Bernard. Characterization of carbachol-induced rhythmic types (I, II, and III) of LSml neurons have been distinbursting discharges in neurons from guinea pig lateral septum guished according to their response to carbachol. These difslices. J. Neurophysiol. 80: 1042Neurophysiol. 80: -1055Neurophysiol. 80: , 1998. A brain slice prepa-ferent bursting discharges were not blocked by a medium ration from guinea pigs and intracellular recording techniques were that contained tetrodotoxin (TTX), and their frequency was used to examine the effects of carbachol application on the three dependent on the membrane potential. Therefore it was conclasses (A, B, and C) of neurons (n Å 68, 40 of class A, 12 of cluded that LSml neurons present conditional bursting propclass B, 16 of class C) within the mediolateral part of the lateral erties revealed by application of carbachol. These sADPs from adjacent action potentials appeared to progres-III discrete entities, or do they represent a continuum of sively increase to initiate a burst. In the presence of carbachol, response to carbachol? 3) What properties and ionic mechasADPs and bursts were also observable after action potentials nisms are involved in the carbachol-induced rhythmic burstevoked by depolarizing current pulses at the resting membrane ing activities? potential (RMP) in LSml neurons. Evoked sADPs and bursts were associated with an apparent increase in input conductance. Applica-M E T H O D S tion of low Na / medium blocked both the sADP and bursts. AppliExperiments were performed on transversely cut slices (400 mm cation of zero Ca 2/ medium either 1) blocked completely the thick) of lateral septum, prepared from female guinea pigs (250-generation of sADPs and bursts (n Å 16), or 2) did not block 300 g). Slices were maintained at 32ЊC in an interface chamber and bursts (n Å 14). Evoked sADPs and bursts were blocked by tetraperfused continuously (2 ml/min) with solution of the following ethylammonium but were resistant to external Cs / . The results composition (in mM): 117 NaCl, 4.7 KCl, 2.5 CaCl 2 , 1.2 indicate that the activation of cholinergic receptors does not differNaH 2 PO 4 , 25 NaHCO 3 , 1.2 Mg Cl 2 , and 10 glucose, bubbled with entially affect the three classes of LSml neurons. The responses to 95% O 2 -5% CO 2 (pH 7.4). Low Na / medium and zero Ca 2/ carbachol in type II and III neurons form a continuum of variation, medium were made by replacement of 117 mM NaCl with 117 whereas these of type I neurons constitute a discrete entity. The mM tris-(hydroxymethyl)-aminomethane chloride (TrisCl) and selective cholinergic induction of a sADP, and the progressive by replacement of CaCl 2 with MgCl 2 on an equimolar basis, respecactivation of these sADPs in LSml neurons are thought to be retively. Cobalt (Co 2/ ) or Nickel (Ni 2/ ) were substituted at equimosponsible for the onset of the three types of rhythmic bursting lar concentrations for Ca 2/ . For this purpose, CaCl 2 was replaced discharges. We propose that sADPs and bursts induced by carbawith 2.5 mM CoCl 2 or NiCl 2 when preparing the medium, whereas chol are generated by a cationic conductance largely permeable to NaH 2 PO 4 was omitted to avoid precipitation. The drugs used in Na / . In a subpopulation of LSml neurons (n Å 16), the bursts this study were carbachol, TTX, tetraethylammonium (TEA), and are dependent on the presence of Ca 2/ in the medium. cesium (Cs / ; all purchased from Sigma). All drugs were administered in the perfusate dissolved at known concentrations, during at least 3 min of application.
On the other hand, the intrinsic membrane properties of depolarization associated with an increase in membrane input resisLSml neurons were previously investigated in vitro (Carette tance, action-potential firing and triggered rhythmic bursting discharges in 59% of recorded neurons. According to the configuration et al. 1992) . On the basis of responses to depolarizing curof these bursts, LSml neurons were classified into type I, II, and rent pulses in control conditions and in the presence of TTX, III neurons with reference to their response to carbachol. The fre-we have characterized three classes (A, B, and C) of LSml quency of spontaneous bursts was increased by depolarization neurons. Neurons of classes A and C represent the large caused by applied DC current in the three types of neurons. Bursts majority and exhibit similar morphologies (Carette et al. in type II and III neurons were voltage and dose dependent. These 1992; Doutrelant et al. 1994 ).
dependences were responsible for a continuum of variation in carIn this paper, we have attempted to answer several quesbachol responses in these two types of neurons. As the neuron tions. 1) Can the occurrence of different types of bursts depolarized in the presence of carbachol, spontaneous action poteninduced by carbachol in LSml neurons be in correlation with tials increased in frequency and slow afterdepolarizing potentials the three classes of these neurons? 2) Are types I, II, and (sADPs) appeared and preceded the occurrence of the first burst.
These sADPs from adjacent action potentials appeared to progres-III discrete entities, or do they represent a continuum of sively increase to initiate a burst. In the presence of carbachol, response to carbachol? 3) What properties and ionic mechasADPs and bursts were also observable after action potentials nisms are involved in the carbachol-induced rhythmic burstevoked by depolarizing current pulses at the resting membrane ing activities? potential (RMP) in LSml neurons. Evoked sADPs and bursts were associated with an apparent increase in input conductance. Applica-M E T H O D S tion of low Na / medium blocked both the sADP and bursts. AppliExperiments were performed on transversely cut slices (400 mm cation of zero Ca 2/ medium either 1) blocked completely the thick) of lateral septum, prepared from female guinea pigs (250-generation of sADPs and bursts (n Å 16), or 2) did not block 300 g). Slices were maintained at 32ЊC in an interface chamber and bursts (n Å 14). Evoked sADPs and bursts were blocked by tetraperfused continuously (2 ml/min) with solution of the following ethylammonium but were resistant to external Cs / . The results composition (in mM): 117 NaCl, 4.7 KCl, 2.5 CaCl 2 , 1.2 indicate that the activation of cholinergic receptors does not differNaH 2 PO 4 , 25 NaHCO 3 , 1.2 Mg Cl 2 , and 10 glucose, bubbled with entially affect the three classes of LSml neurons. The responses to 95% O 2 -5% CO 2 (pH 7.4). Low Na / medium and zero Ca 2/ carbachol in type II and III neurons form a continuum of variation, medium were made by replacement of 117 mM NaCl with 117 whereas these of type I neurons constitute a discrete entity. The mM tris-(hydroxymethyl)-aminomethane chloride (TrisCl) and selective cholinergic induction of a sADP, and the progressive by replacement of CaCl 2 with MgCl 2 on an equimolar basis, respecactivation of these sADPs in LSml neurons are thought to be retively. Cobalt (Co 2/ ) or Nickel (Ni 2/ ) were substituted at equimosponsible for the onset of the three types of rhythmic bursting lar concentrations for Ca 2/ . For this purpose, CaCl 2 was replaced discharges. We propose that sADPs and bursts induced by carbawith 2.5 mM CoCl 2 or NiCl 2 when preparing the medium, whereas chol are generated by a cationic conductance largely permeable to NaH 2 PO 4 was omitted to avoid precipitation. The drugs used in Na / . In a subpopulation of LSml neurons (n Å 16), the bursts this study were carbachol, TTX, tetraethylammonium (TEA), and are dependent on the presence of Ca 2/ in the medium. cesium (Cs / ; all purchased from Sigma). All drugs were administered in the perfusate dissolved at known concentrations, during at least 3 min of application. FIG . 1. Electrophysiological characterization of the mediolateral part of the lateral septum (LSml) neurons and responses to carbachol in class C neurons (CCh; 20 mM). A: LSml neurons of A and B classes were characterized by a tonic firing pattern in response to a suprathreshold depolarizing current pulse in control conditions. B: response to a depolarizing current pulse after blockade of Na / conductance with tetrodotoxin (TTX). The fast action potentials were blocked, but slow responses were still present in class A neurons. C: in contrast, after blockade of the Na / conductance with TTX, the depolarizing current pulse did not evoke any type of response in class B neurons. D: discharge of a class C neuron to a suprathreshold depolarizing current pulse in control conditions. A small action potential was followed by larger action potentials. E: in 3 class C neurons, bursting discharges of type I (left trace), of type II (middle trace), and of type III (right trace) in the presence of CCh.
R E S U L T S

Responses to cholinergic agonists
As previously reported (Carette 1997), LSml neurons re-A database of 144 neurons from LSml, recorded for at least 30 min in stable conditions and tested with bath applica-sponded to bath application of carbachol (20 mM) by a membrane depolarization associated with an increase in tion of carbachol, was used for the present study. These neurons had a resting membrane potential (RMP) of at least membrane resistance and in tonic firing rate (not shown).
The depolarization by carbachol was observed in the three 055 mV and overshooting action potentials. Out of this dataclasses of neurons: 24 for class A, 6 for class B, and 10 for base, a subset of 68 neurons was selected for a more detailed class C. Then the firing pattern changed from single spikes analysis of their membrane characteristics.
to repetitive bursts, i.e., clusters of four or more closely spaced action potentials riding on a distinct depolarizing envelope. Individual bursts varied in waveform, amplitude, Intrinsic membrane properties of LSml neurons and duration according to the neurons (Fig. 2) . We classified these LSml neurons into three types based on their bursting As previously found (Carette et al. 1992) , 68 neurons fell behavior in response to carbachol. In type I neurons (n Å into three distinct electrophysiological classes: A, B, and C, 13), the burst consisted of 4-6 spikes rising from a slow whose main characteristics are summarized in Fig. 1 . When membrane depolarization (Fig. 2B, left trace) . In type II they were challenged with depolarizing current pulses from neurons (n Å 18), bursts elicited by carbachol consisted rest, the LSml neurons of A and B classes discharged tonically of a depolarizing drive termed the plateau potential, which in control conditions (Fig. 1A) . In the presence of TTX (1 sustained action potentials whose number was higher than mM), class A neurons (n Å 40) were characterized by broad 6 ( Fig. 2A, bottom trace) . In type III neurons (n Å 36), action potentials (Fig. 1B ) in response to a depolarizing curbursts consisted of a plateau depolarization of large amplirent pulse. These broad action potentials were blocked by 2 tude with spikes that quickly inactivated. Membrane potenmM Co 2/ (not shown). Class B neurons (n Å 12) had no tial typically remained elevated for several hundred millisecaction potential under TTX (Fig. 1C) . Action potentials were onds following spike inactivation, resulting in a temporary recorded only by addition of TEA (1-2 mM) to TTX (not cessation in firing (Fig. 2C , left trace). These three types shown) and were also blocked by Co 2/ (not shown). The of neurons were observed in each class of LSml neurons firing properties of the class C neurons (n Å 16; Fig. 1D) ( Table 1 ). The three types of bursts in class C neurons are could be readily distinguished in control conditions from those shown in Fig. 1E . of two other classes, by their tendency to show small spikes (blocked by TTX; not shown) followed by larger spikes
Other neurons either showed no depolarization (n Å 22) or were hyperpolarized by carbachol (n Å 5; not shown). (blocked by Co 2/ ; not shown) in response to depolarizing current pulses. Under control conditions, the three classes of However, in all these neurons (n Å 27), additional depolarization by intracellular injection of positive DC readily elicLSml neurons discharged in a single-spike mode in the presence of a steady depolarizing current (not shown).
ited rhythmic bursting discharges of type I, II, and III. 1 shows the association between the effects of carbachol on membrane potential and the types of rhythmic bursting discharges induced by carbachol into the three classes of LSml neurons. One class A neuron was unresponsive to carbachol, whereas no class C neurons were hyperpolarized by carbachol.
Voltage dependence of carbachol-induced bursts
To determine whether the three response profiles recorded from LSml neurons were really different among the three types of neurons, positive currents of different amplitudes were continuously applied during the steady-state phase of carbachol-induced responses for each type (6 of type I, 8 of type II, and 19 of type III).
The recordings presented in Fig. 2A show that both types of responses could be recorded from individual neurons, and that the character expressed was determined by the prevailing membrane potential. In the absence of current injection, this neuron ( Fig. 2A) showed a rhythmic bursting discharge of type II. With positive current injection (/50 and /150 pA), the frequency of bursts increased. But at a higher depolarization (/200 pA), bursts presented another form and increased in duration and amplitude, taking a character of type III neuron. On the other hand, in type I neurons ( To determine whether the three response profiles recorded the frequency and duration of the bursts increased; top trace: continuous from LSml neurons were really different among the three injection of /200 pA depolarizing current transformed the type II burst types of neurons, carbachol was perfused onto a same neuron into a type III burst, whereas the frequency of the bursts decreased. B, left trace: response of type I neuron (RMP: 058 mV) in absence of current of each type (n Å 3 for type I, n Å 3 for type II, and n Å injection; right trace: with /200 pA, the waveform and the duration of the 5 for type III), in concentrations ranging from 5 to 50 mM. burst were unchanged, whereas an inactivation of action potentials was In type I neurons (Fig. 3A) , the burst did not change whatobserved. C, left trace: response of type III neuron (RMP: 065 mV) in ever the concentration of carbachol (5-50 mM). In Fig. 3B , is shown in Fig. 4 . With time from onset of carbachol superfusion, marked changes occurred in the spike afterpotential: the action potential of LSml neurons developed a slow afterdepolarizing potential (sADP). The size of the sADP increased with time, attaining spike threshold, and this resulted in a spike doublet (Fig. 4 , A and C) or a spike burst (Fig. 4 , A-C). Thus the occurrence of the first burst in type I and II neurons was preceded by the appearance of a sADP. In class C neurons, the sADP occurred after a Ca 2/ spike (Fig. 4C ). These observations suggest that the sADP is a determining factor of the bursting onset in type I, II, and III LSml neurons in the presence of carbachol.
EVOKED BURST FIRING. Muscarinic-mediated sADP after evoked action potentials. In the presence of carbachol, sADPs were also associated with action potentials evoked by intracellular current pulses in LSml neurons whose membrane potential was clamped back to the control value (RMP) by continuous injection of current. The application of a single (4 ms) depolarizing current pulse to LSml neurons at the RMP evoked an action potential with a slow afterhyperpolarization (sAHP; Fig. 5A ) or without an afterpotential ( Fig. 5B ) in control. This sAHP was apamin sensitive (Carette 1994). In the presence of carbachol, a sADP followed a single action potential evoked by the same pulse, in neurons of type I (n Å 3), type II (n Å 8), and III (n Å 39; Fig. 5, A and B) . The peak sADP amplitude was 8 { 3.4 mV (mean { SD, n Å 28) and duration was 137.1 { 45.6 ms (n Å 28). In the remaining neurons of type I (n Å 23), II (n Å 11), and III (n Å 20), more than one action potential was required to evoke a sADP (Fig. 5, C and D) .
Progressive activation of sADPs and triggering of plateau potential. The sADP enhanced temporally in amplitude when FIG . 3. Dose dependence of CCh-evoked bursting discharges. All the the number of action potentials was increased by the depolarrecords were made at a membrane potential corresponding to the threshold for triggering of action potentials except for B, bottom left trace. A: re-izing current pulses (Fig. 5, C and D) . In some neurons sponses of a type I neuron to different concentrations of CCh. B: bursting (n Å 26), the peak amplitude of this sADP attained a maxidischarges of type II were observed at CCh doses ranging from 5 to 20 mum value whatever the intensity and width of pulses and mM (top traces). The duration of the burst depended on the concentration. therefore the number of action potentials (Fig. 5C ). This However, at 50 mM CCh, the burst was transformed into type III ( bottom right trace). Note that at 5 mM CCh, with /200 pA current injection, the response was similar in waveform, amplitude, and duration burst of type II was transformed into a burst of type III (bottom left trace). to the carbachol-induced spontaneous burst obtained at the C: bursting discharges of type III were observed at CCh ranging from 10 membrane potential for spike initiation in type I neurons.
to 50 mM (top right and bottom traces). The duration of the burst depended However, in a majority of neurons (n Å 78), the response on the concentration. However, at 5 mM CCh, the burst was transformed into a burst of type II (top left trace).
to depolarizing current pulses, in the presence of carbachol, consisted of two phases: successive sADPs enhanced in amplitude and, when the depolarization reached a certain voltbursts, whereas at 50 mM, bursts of type III emerged. Note age threshold, the membrane potential jumped to form an that at 5 mM carbachol, a burst of type III emerged with a underlying depolarizing drive, i.e., the plateau potential that high depolarization (/200 pA) in this neuron (Fig. 3B , sustained repetitive firing (Fig. 5D) or showed an inactivabottom left trace). In Fig. 3C , at 10, 20, and 50 mM carba-tion of spikes (not shown). This plateau potential occurred chol, the neuron exhibited type III bursts, whereas at 5 mM, typically in all-or-none fashion. These two responses were bursts of type II emerged. similar in waveform to carbachol-induced bursts obtained in Thus rhythmic bursting discharges induced by carbachol type II and III neurons, respectively. Sometimes, the sADP in LSml neurons demonstrated voltage and dose dependence. after one action potential was sufficiently large to elicit a plateau potential in type II and III neurons (not shown).
We have also tested the progressive activation of sADPs Mechanisms of rhythmic bursting discharges by applying short (4 ms) depolarizing current pulses repetitively at different interpulse intervals (n Å 40). In type I SPONTANEOUS BURST FIRING. As previously reported (Carneurons, the repeated stimulation (4-ms pulses, frequency: ette 1997), LSml neurons in the presence of carbachol dis-2.5-10 Hz) in the presence of carbachol resulted in the played a depolarization and an increase of firing rate, the cumulative activation of the sADP but allowed the induction discharge shifting then from single spiking to bursting. The time course of this transformation for type I and II neurons of a short burst (Fig. 6 A) . should be more or less effective to allow for the activation concomitant of a more important activation of sADPs by an increased frequency of action potentials. The fact that we of sADPs and for triggering of plateau potentials in type II (Fig. 6B ) and type III neurons (not shown). Thus, in Fig. 6B simultaneously recorded a sADP and a sAHP in the same neuron under carbachol excluded the idea that the sADP was (left trace), at a frequency of 3.3 Hz, this neuron exhibited a time-dependent change in spike afterpotentials with the the consequence of blockade of a sAHP. These findings point to the conclusion that the sADP was actually induced appearance of a sADP, but a sAHP still followed the sADP and a plateau potential was not observed. With an interpulse rather than unmasked by muscarinic agonists. interval of 200 ms, there was a gradual increase of the sADP with disappearance of the sAHP, and a plateau potential Voltage and dose dependence of sADPs appeared (Fig. 6B, right trace) .
In our study the appearance of a sADP in the presence of The sADPs were modulated by membrane potential. They were maximal in amplitude at RMP, and reduced or supcarbachol might simply be a consequence of blockade of the sAHP. However, our results argue against this idea. First, pressed by hyperpolarization (Fig. 7A) . At a depolarizing level, the sADP triggered a burst (not shown). in neurons without a sAHP at RMP in control conditions, carbachol induced a sADP (Fig. 5B) ; second, in neurons
In several neurons (n Å 6) for which a sADP was induced by carbachol following a single spike, we varied the concenwith a sAHP in control conditions, this sAHP was still present under carbachol after one action potential, whereas the tration of the cholinergic agonist to investigate whether sADP amplitude was graded with concentration. Figure 7B appearance of a sADP needed several action potentials (Fig.  5C ). Moreover, in the example of Fig. 6B , whereas a sADP shows how sADP amplitude increased after progressively larger doses (10 and 40 mM) of carbachol. At 5 mM carbawas induced by carbachol from successive spikes, a sAHP was still present after this sADP (left trace). The right trace chol, a sADP did not appear after a single spike but appeared after three spikes (Fig. 7B, right trace) . of Responses of LSml neurons to CCh application following evoked action potentials at the RMP, by depolarizing current pulses. A: under control (left trace), a sAHP was evoked after 1 action potential triggered by a 4-ms depolarizing current pulse. In the presence of CCh (right trace), a sADP was evoked. Top trace: membrane potential; bottom trace: injected current. B: in this neuron, no postpotential appeared after 1 action potential in control (left trace). A sADP was evoked in the presence of CCh (right trace). C: in this neuron, in the presence of CCh, a sADP did not appear after 1 action potential, and the sAHP was always present (top left trace). Three action potentials evoked by a 40-ms depolarizing current pulse were necessary for the appearance of a sADP (top middle trace). In response to depolarizing current pulses of rising duration: 100, 200, and 400 ms (top right and bottom left, middle traces), the number of action potentials increased (4 and 5), but the peak amplitude of sADPs attained a maximum value. Bottom right trace: response of the same neuron in control conditions to a 400-ms depolarizing current pulse. Dashed line indicates the RMP: 063 mV (type I neuron). D: in another neuron, under CCh, a progressive activation of sADPs also occurred until triggering of a plateau potential with action potentials whose total duration is shown in the bottom right trace (type II neuron). Calibrations in D (top middle trace) also apply to A-C except for time for a trace in D.
Modulation of evoked bursts by membrane potential Changes in membrane input resistance (R m ) during bursts and sADPs The configuration of bursts induced by carbachol and
In type III neurons, it was possible to monitor the R m evoked by depolarizing current pulses was also sensitive changes accompanying the plateau potential because action to changes in membrane potential caused by applied DC potentials quickly inactivated. Brief hyperpolarizing current current. In type I neurons, two bursts were evoked at a pulses applied before and during the plateau potential indidepolarizing level, whereas at the RMP, one burst was cated a large reduction in R m during the plateau potential present ( Fig. 8 A, left and middle traces ) . At a hyperpolar-(usually so low that the voltage deflection could not be izing level, the burst evoked decreased in number of spikes measured reliably within 200 ms after onset of the plateau ( Fig. 8 A, right trace ) . As illustrated in Fig. 8 B, hyperpo-potential; not shown). In type III neurons, the amplitude of larizing the type III neuron decreased the size of the bursts a typical plateau potential decayed by 4-10 mV over a time ( amplitude and duration ) , whereas the spikes were not course of 800 ms to 4 s, then 30-40 mV over a time course inactivated ( left and middle traces ) . At a same hyperpo-of 100-400 ms (Fig. 2C, left trace) . This decay was associlarizing level, a sADP appeared after a single spike ( Depolarizing current pulses (4 ms) evoking a single action potential were delivered at various frequencies. A: in this type I neuron (RMP: 061 mV), a sADP was absent after the 1st action potential, in the presence of CCh (bottom left trace). A progressive activation of sADPs was observed at different frequencies (2.5, 3.3, and 10 Hz) of stimulation. However, at 2.5 Hz, the amplitude of sADPs was insufficient to trigger another action potential (top left trace). With an increase of frequency stimulation (3.3 Hz), the amplitude of sADPs increased and a burst appeared after the 11th pulse (top right trace). At 10 Hz (bottom right trace), the burst appeared more quickly (5th pulse). Bottom left traces: superimposed records of action potentials and sADPs in response to the 1st, 10th, and 25th pulses at 2.5 and 3.3 Hz. The sADP had the same amplitude in response to the 10th and 25th pulses at 2.5 Hz. Calibrations in A (bottom right trace) apply also in B except for time. B: in this type II neuron (RMP: 065 mV), a sAHP (left trace, arrow) was present after the 1st action potential in the presence of CCh. Low-frequency stimulation (3.3 Hz) evoked the appearance of a sADP (arrowhead) but not that of a plateau potential, whereas the sAHP was still present (left trace). With an increase of frequency stimulation (5 Hz), sADPs increased in amplitude, and the threshold for initiation of a plateau potential was reached (right trace). associated with the decay leading to plateau potential repo-activation of inward currents rather than blockade of outward currents. larization.
To measure the R m change during the sADP, we delivered brief hyperpolarizing current pulses near the sADP peak and Effects of TTX on bursts and sADPs in the absence of a sADP. The voltage deflections markedly decreased during the sADP, indicating a considerable deAs previously reported (Carette 1997), the three types of rhythmic bursting activities induced by carbachol persisted crease in R m (not shown). Depolarization of the membrane to a level similar to that of the sADP peak, in the absence under TTX. In the present study, a similar observation was obtained in each class of LSml neurons (n Å 39 for class of a preceding spike, did not cause a decrease in R m (not shown). It is suggested that the sADP is associated with A, n Å 12 for class B, and n Å 9 for class C). As shown FIG . 7. Voltage and dose dependence of evoked sADPs in the presence of CCh. A: an action potential was evoked by a 4-ms depolarizing current pulse. In the presence of CCh, the sADP was maximal in amplitude at RMP (063 mV; left trace) and was reduced (middle traces), then suppressed (right trace) by a progressive hyperpolarization. B, left trace: response to a 4-ms depolarizing current pulse in control conditions. In the presence of 5 mM CCh, no sADP was observed after 1 action potential. In the same neuron, a sADP appeared with 10 mM CCh and increased in amplitude with 40 mM CCh after 1 action potential. In the presence of 5 mM CCh, a sADP appeared after 3 action potentials (right trace). FIG . 8. Voltage dependence of evoked bursts in the presence of CCh. A: at RMP (068 mV), this type I neuron fired a short burst induced by CCh, in response to a 400-ms current pulse (middle trace). Depolarizing the neuron (/100 pA) evoked 2 bursts in response to the same current pulse (left trace). Hyperpolarizing the neuron (0100 pA) reduced the number of action potentials in the burst in response to an increased current pulse ( right trace). B: at RMP (064 mV), this type III neuron showed a burst with inactivation of action potentials in response to a 100-ms current pulse (left trace). Hyperpolarizing the neuron ( 0100 pA) reduced the burst in amplitude and duration, whereas the action potentials were not inactivated (middle trace). At the same level of hyperpolarization, a 4-ms current pulse evoked 1 action potential with a sADP (right trace).
in Fig. 9A for a class A neuron, in the presence of TTX, TTX-insensitive channels was critical for generation of bursts and sADPs. the carbachol-induced plateau potential was still observed and was able to sustain a train of high-threshold Ca 2/ spikes (Fig. 9A, right trace) To investigate the role of Ca 2/ in the generation of carbaspikes; however, the plateau potential induced by carbachol chol-induced bursts and sADPs in LSml neurons, we examcould be activated by steady depolarization alone, indepen-ined the effects of Ca 2/ -free medium and Ca 2/ channel dent of an action potential (Fig. 9B, right trace) . For com-blockers (2 mM Ni 2/ or 2 mM Co 2/ ) on different types of parison, the response under carbachol was shown with the neurons. Application of these different medium had one of left trace. As shown in Fig. 9C for a type I neuron of class the following effects on the carbachol-induced bursts: 1) A, no sADP followed the Ca 2/ spikes in the presence of reversible blockade of their generation (n Å 16, 3 of type I TTX (Fig. 9C, middle trace) , but a sADP always followed whose 1 class B and 1 class C, 3 of type II whose 1 class the spikes when carbachol was added (Fig. 9C, right trace) . A and 10 of type III whose 1 class A and 3 class B; Fig. The response of the same neuron under carbachol was shown 11A), 2) absence of blockade of their generation (n Å 14, with the left trace (Fig. 9C) .
1 of type I, 4 of type II whose 2 class A and 9 of type III whose 1 class A and 1 class B; Fig. 11B ). Bath application Effects of low Na / medium on bursts and sADPs of Ca 2/ -free medium or Ni 2/ blocked sADPs, including in neurons whose bursts were not blocked by these medium The ions mediating the bursts and sADPs were investi- (Fig. 11, C and D) . gated either by substitution experiments or by including speThese observations that Ca 2/ -free medium blocked the cific channel blockers in the perfusion medium. A role for carbachol-induced bursts and sADPs in about one-half of Na / was investigated by replacing extracellular Na / with the LSml neurons (16 of 30 cells) strongly suggest that, at equimolar Tris. When extracellular Na / was reduced from least in certain subpopulation of LSml neurons, Ca 2/ entry 143 to 26 mM, rhythmic bursting discharges induced by is essential for the burst and sADP generation. carbachol were reversibly abolished in the three types of LSml neurons (n Å 19; Fig. 10, A and B) . sADPs were compared in medium containing 143 and 26 mM Na / . Both Effects of K / channel blockers on bursts and sADPs control and test solutions contained 1 mM TTX and 20 mM carbachol. Ca 2/ spikes (in class A neurons) were used to Addition of TEA (1-2 mM) to the medium perfusion reversibly blocked carbachol-induced rhythmic bursting disevoke the sADP (Fig. 10C, middle trace) . Substitution of 117 mM NaCl by Tris-Cl caused a reversible blockade of charges recorded from each type of LSml neurons (n Å 6 for type I, n Å 8 for type II, and n Å 18 for type III; sADPs (Fig. 10C, right trace) . The response under carbachol was shown with the left trace. Fig. 12A , type III neuron). In the absence of carbachol, the addition of 1-2 mM TEA to the medium perfusion resulted These results clearly indicated that influx of Na / through pulses in neurons showing bursting discharges elicited by loid (Washburn and Moises 1992) neurons, the sADPs had the property of summation and evoked a prolonged repetitive carbachol. Third, abating an evoked burst with a hyperpolarizing current always disclosed an underlying sADP. Fourth, firing. However, in these neurons, the induction of sADP and its summation were not accompanied by a rhythmic these sADPs from successive spontaneous or evoked spikes progressively increased in amplitude to provide a depolariz-bursting discharge (Andrade 1991; Schwindt et al. 1988; Washburn and Moise 1992) . In these neurons, the induction ing drive capable of inducing bursting activity. Fifth, spontaneous and evoked sADPs and bursts were modulated by of a sADP accompanied the reduction of the slow AHP. In our study, the apamin-sensitive sAHP (Carette 1994) was changes in membrane potential, these two events being suppressed by hyperpolarization. Sixth, sADPs and bursts were not reduced by carbachol. A similar observation has been reported in cortical neurons (Schwindt et al. 1988 ) and locus dose dependent. Finally, spontaneous and evoked sADPs and bursts displayed an equivalent ionic dependence and coeruleus neurons (Osmanovic and Shefner 1993) . In LSml neurons, the apamin-sensitive sAHP did not summate (Carpharmacological profile. Based on this relationship, it was hypothesized that sADPs associated with spontaneous or ette 1994), whereas sADPs induced by carbachol progressively increased. The conjunction of these two features easily evoked action potentials play a central role in the onset of the bursting discharges induced by carbachol in LSml allow spike threshold to be reached in type I neurons and plateau potential threshold in type II and III neurons. neurons.
The muscarinic induction of a sADP was previously obAlthough there are several reports of sADPs after muscarinic stimulation as indicated above, one study has shown served in cortical neurons (Andrade 1991; Araneda and Andrade 1991; Constanti and Bagetta 1991; Constanti et al. the cholinergic induction of plateau potentials in hippocampal CA1 pyramidal neurons (Fraser and MacVicar 1996). 1993; Libri et al. 1994; McCormick and Prince 1986; Schwindt et al. 1988) , in hippocampal neurons (Benardo These plateau potentials showed common features with those described here and in our previous study (Carette 1997): a and Prince 1982; Caeser et al. 1993) , and in amygdaloid basolateral neurons (Washburn and Moises 1992) . In CA1 genesis from sADPs, a blockade after application of atropine, a persistence after application of TTX, a dependence on the pyramidal hippocampus (Benardo and Prince 1982), the sADP sometimes triggered a burst of action potentials. In holding potential, and a blockade in low Na / . In our study, carbachol-induced bursting discharges and cortical (Andrade 1991; Schwindt et al. 1988 ) and amygda- response to the same depolarizing current pulse in 0 Ca 2/ . Note the higher number of action potentials and the absence of a sAHP after the pulse (arrowhead). Bottom middle trace: coapplication of 0 Ca 2/ did not block the rhythmic bursting discharge induced by CCh. Note the inactivation of action potentials in these conditions during the bursts. Bottom right trace: expanded record of the onset of the burst. The 1st action potential did not show a sAHP (arrowhead). C, left traces: a CCh-induced sADP in response to a 4-ms current pulse was blocked by coapplication of 0 Ca 2/ . Right traces: in the same neuron, the CCh-induced plateau potential in response to a 100-ms current pulse was also blocked by coapplication of 0 Ca 2/ . D, left traces: a CCh-induced sADP in response to a 4-ms current pulse was blocked by coapplication of 0 Ca 2/ . Right traces: in the same neuron, the CCh-induced plateau potential in response to a 400-ms current pulse was not blocked by coapplication of 0 Ca 2/ .
sADPs were blocked by 1) substitution of extracellular Na / suggest that in LSml neurons, carbachol induces sADPs and bursts by a cationic conductance largely permeable to Na
/
by Tris in all the tested neurons and 2) Ca 2/ -free medium or bath applying the Ca 2/ channel blockers Co 2/ or Ni 2/ ions and that in some LSml neurons, a Ca 2/ influx is required for activating or controlling muscarinic receptor stimulation in about one-half of neurons. Taken together, these results
FIG . 12. Effects of tetraethylammonium (TEA) and Cs
/ on CCh-induced rhythmic bursting discharges and sADPs. A: traces were chart records of the rhythmic bursting discharge induced by CCh in a type III neuron. Coapplication of 1 mM TEA blocked the rhythmic bursting discharge that recovered after 6 min. Bottom right trace: expanded oscilloscope record of spontaneous activity in the presence of CCh and TEA. Note the broadening of the 2nd action potential. B, top left trace: response to a 100-ms current pulse in control. Top middle trace: after application of 1 mM TEA, the 2nd action potential was prolonged and a sADP appeared. Top right traces: superimposed records of a plateau potential induced by CCh and a sADP observed in the presence of CCh and TEA. A plateau potential was not evoked by CCh in the presence of TEA (compare with middle trace for the sADP). Bottom left trace: in the same neuron, no postpotential was observed after 1 evoked action potential in control. Bottom middle trace: after application of 1 mM TEA, a small sADP appeared. Bottom right traces: superimposed records of sADPs. The CCh-induced sADP was blocked by TEA. Calibrations in B also apply in C except for time (C, right traces). C, left trace: response to a hyperpolarizing current pulse in control. Note the depolarizing sag (indicated by an arrow) produced by the pulse. Middle trace: 2 mM Cs / completely blocked the sag. Right traces: in the same neuron, superimposed records of rhythmic bursting discharges induced by CCh (type III neuron). In the presence of Cs / , the rhythmic bursting discharge persisted but the duration of the interburst interval was increased.
effects. Recently, Caeser et al. (1993) and Fraser and McVi-a role for Na / in the initiation of bursts. In our study, TEA was found to inhibit the muscarinic-induced rhythmic burstcar (1996) have provided direct evidence that in hippocampal CA1 and CA3, muscarinic agonists activate a Ca 2/ -ing discharges and sADPs. The present observation is consistent with other studies in neuronal (Shen and North 1992) dependent cation current that is mainly carried by Na / and that gives rise to an ADP and long-lasting plateau potentials. and nonneuronal cells (Inoue and Kuriyama 1991) , indicating that TEA can block a cationic current induced by muscaOn the other hand, in locus coeruleus (Shen and North 1992) and in hippocampus (Guérineau 1995) , muscarine activates rine. This could be explained by the ability of TEA to block muscarinic receptors. However, it has been reported that low a cationic current that is not Ca 2/ dependent. Thus our observation that some LSml neurons still exhibited plateau poten-TEA concentrations (1-2 mM), also used in our study, do not block muscarinic receptors in neuroblastoma 1 glioma tials or rhythmic bursting discharges in zero Ca 2/ suggests
